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The fracture mechanics of ductile thin wall is different from that of thick wall materials
which is standardly used in fracture mechanics testing. An appropriate determination of
the fracture toughness of thin wall materials can be provided by the direct calculation of
the contour J integral. The experimental evaluation of the energy dissipated by the fracture
process zone and the newly developed crack is even more fundamental. For related
calculations, knowledge of several physical quantities is necessary such as crack path
and processing zone shape, strain–stress ﬁeld and plastic deformation evolution. Several
experimental methods in conjunction with numerical post-processing were employed.
 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-SA license (http://creativecommons.org/licenses/by-nc-sa/3.0/).1. Introduction
As high performance sheet metal structures are manufactured from ductile materials, there exists the need to determine
the proper fracture criteria in the range of non-linear behavior and large deformations. The fracture mechanics behavior of
such materials is different from that of thick wall materials, which are used in standardized fracture toughness testing. For
instance, the widely used J integral is commonly calculated using the crack tip opening displacement (CTOD) [1]. This inter-
connection supposes quite strong assumptions as small scale yielding state and validity of the deformation theory of plas-
ticity. However, these assumptions may not be longer valid if the real structure with stress concentrator is manufactured
from a thin wall ductile material, where large deformations and large area plastic zone occur.
Let us consider a ﬂat sheet specimen with stress concentrator subject to uniaxial tension loading (mode I). With the
knowledge of full-ﬁeld strain and stress tensors based on experimental data, the J integral can be calculated directly as it
is deﬁned. This approach is more appropriate than standard testing, although validity of the deformation theory of plasticity
and small scale yielding is assumed. Direct calculation of the J integral was utilized in a number of studies. For instance, the
dependence of the contour J integral on the copper foil thickness was studied in [2]. A combination of digital image corre-
lation and ﬁnite elements method was utilized in [3], where the J integral was calculated as an area integral for various test
geometries with stainless steel as specimen material. The resistance Jr curve calculated for ﬁber composite was measured in
[4] using direct calculation of the J integral. The integration path is standardly located in an elastically deformed region
Nomenclature
CTOD crack tip opening displacement
J J integral
E Young’s modulus
F loading force
FPZ fracture process zone
3D three dimensional
ANSYS commercial ﬁnite element system
FEM ﬁnite element method
DIC digital image correlation
C integration path of the contour integral
rij stress tensor
eij strain tensor
Dy displacement in y direction
U strain energy
W work
w speciﬁc work
u speciﬁc energy
A arbitrary selected area within whole ligament
As area of separation
t specimen thickness
l ligament length
p pitch of the DIC grid
wlex local work of external force
v volume of the DIC element
rc cohesive strength
d separation displacement in the process zone
Sub and superscripts
dis dissipation, dissipated
el elastic, elastic part
ex external
pl plastic, plastic part
sep separation
l local
D. Vavrik, I. Jandejsek / Engineering Fracture Mechanics 129 (2014) 14–25 15outside of the area surrounding the crack tip, in which the material nonlinearity is presented. However as it will be shown,
the J integral may remain independent on the integration path as required even though large scale yielding was observed in
the ductile sheet metal specimen used in our experiment. Nevertheless, J integral comprise both energies dissipated by the
plastic deformation outside of the fracture process zone (FPZ) and by the FPZ itself [5].
The experimental evaluation of the energy dissipated by the fracture process zone (FPZ) and newly developed crack here
proposed can help to understand fracture mechanics processes in ductile sheet materials. The purely experimental evalua-
tion of this dissipated energy is not a trivial task. However, it can be assumed that the energy dissipated by the FPZ and the
newly developed crack is complementary to the internal energies stored and dissipated in the body outside of the FPZ and
the crack (thermal energy dissipation is not taken into account), these energies can be evaluated from experimentally mea-
sured data.
For the above-mentioned calculations, the knowledge of several physical quantities is necessary: crack and processing
zone shape, strain-stress ﬁelds and plastic deformations. The combination of several experimental methods – X-ray radiog-
raphy and computed tomography; digital image correlation and strain gauge measurement in conjunction with appropriate
post-processing are employed for this purpose.2. Experimental methodology
2.1. Digital image correlation
Precise experimental measurement/calculation of strain/stress ﬁelds in vicinity of a stress concentrator is highly demand-
ing task for the reliable description of physical processes accompanying fracture evolution. Digital Image Correlation (DIC)
16 D. Vavrik, I. Jandejsek / Engineering Fracture Mechanics 129 (2014) 14–25[6] technique was employed for the full-ﬁeld displacements measurement in this work. The DIC method implemented in
Matlab environment was extended for calculation of other quantities in the same software package [7] without necessity
to export data into another system.
One advantage of the DIC method is that one can deﬁne an arbitrary grid of vertices at which the particular displacements
are measured. It is beneﬁcial for measurement of the specimens with stress concentrators, where the measurement grid can
be gradually denser in places with high strain gradients. Better signal to noise ratio is obtained by this way in the areas
where lower deformation is present (sparse mesh). High strain gradient is well described in vicinity of the stress concentra-
tor on other hand.
The FEM system ANSYSwas employed as external generator of the triangular gradient mesh, see Fig. 1 left for such mesh
with 438 nodes and 801 elements. The DIC algorithm measures displacements in the mesh vertices. From the known nodal
displacements, the strain tensor at every element (constant strain triangle type) is computed directly in the DIC system. Due
to the presence of relatively large strains at the vicinity of the stress concentrator, the Hencky (true) strain tensor was used
instead of conventional inﬁnitesimal (small) strain tensor. The Hencky strain tensor is deﬁned as:Fig. 1.
methodEH ¼ lnðUÞ; ð1Þ
where U is the right stretch tensor. Regarding to the unavoidable experimental noise, a smoothing procedure based on spline
function approximation is utilized. The smoothing procedure is carried out in polar coordinates with the center at the stress
concentrator to avoid discontinuity of the strain ﬁelds within stress concentrator region. The whole process of the strain
evaluation is shown schematically in Fig. 1.
Finally, the resultant strain ﬁelds are interpolated by orthogonal mesh (DIC mesh hereafter) with the same pitch as the
smallest triangle has. This step is important regarding data handling (vertices positions can be described by their indexes)
and numerical integration where equally spaced points are advantageous. Moreover the straight integration path can be eas-
ily chosen for the J integral calculation for instance. The strain tensor in each orthogonal element serves for consequent com-
putations of other quantities as stress tensor, plasticity, elastic and plastic strain energies. It should be emphasized, that the
continuity of the strain ﬁeld is naturally satisﬁed using the experimental DIC data. Thus these quantities can be calculated for
each element independently, contrary to the FEM simulations.
The systematic error can occur in a DIC measurement due to the possible rigid body motion of the specimen outside of the
focal plane of the optical camera. This error has approximately the form of a linear surface underlying the measured data.
Therefore, such error can be corrected using the knowledge of the correct strains measured by strain gauges at least in three
non-collinear positions.
2.2. Evaluation of the J integral based on experimental data
With the knowledge of full-ﬁeld strain and stress tensors based on DIC data, the J integral can be calculated directly as it is
deﬁned, i.e. we can make integration based on experimental data. The integration path is located in an elastically deformed
region outside of the area surrounding the crack tip if this is possible. This integration path choice simpliﬁes the J integral
evaluation, as it is not necessary to calculate the plasticity. However, the material used in this work is so ductile that the
ligament is completely yielded before crack initiation (large scale yielding). Consequently, it is impossible to ﬁnd theScheme of the DIC strain evaluation: (1) Triangular gradient mesh generated in ANSYS, (2) nodes of the mesh used as measurement grid for the DIC
, (3) measured displacements, (4) smoothing of the measured displacements, (5) computation of the strain tensor for each triangular element.
D. Vavrik, I. Jandejsek / Engineering Fracture Mechanics 129 (2014) 14–25 17integration path passing the elastic region only. The deformation theory of plasticity [8] was implemented from this reason
as the J integral was derived with assumptions of this theory. Obviously, the integration path is chosen outside of the FPZ.
The physical processes in the FPZ are accompanied by the localized necking (i.e. 3D stress state) [9], therefore FPZ should not
inﬂuence plane stress condition outside of its region and one can conclude that the plane stress condition is satisﬁed for
sheet metal outside of the FPZ. As measured stress/strain ﬁelds are evaluated in discrete points of the DIC mesh, the integral
deﬁnition of the J integral has to be adapted into numerical integration form, as follows:J ¼
Z
C
uelDy rijni @uj
@x1
ds!
X
C
uelDy rijni @uj
@x1
Ds; ð2Þwhere C is the arbitrary curve surrounding the crack tip, n is the unit vector normal to C, r, e and u are the stress, strain and
displacement ﬁeld, respectively. Numerical integration in (2) is done using well known trapezoidal rule. The strain energy
density u is deﬁned as:u ¼
Z e
0
rijdeij: ð3Þ2.3. Evaluation of the separation energy
It is assumed in this work, that the energy dissipated by the FPZ and the newly developed crack is complementary to the
internal energies stored and dissipated in the body outside of the FPZ and the crack. The energy dissipated by the FPZ and
newly developed crack together can be taken as separation energy, which is one of the parameters of the well-known cohe-
sive model. Then, from theory [5], the separation energy, Usep equals to the work of external forces, Wex, minus internal
energy consisting of the stored (recoverable) elastic energy, Uel, and the (non-recoverable) global plastic strain energy, Upl:Usep ¼Wex  Upl  Uel: ð5Þ
The work of external forcesWex can be obtained from the DIC measurement. Obviously, elastic and plastic energies in the
Eq. (5) are stored and dissipated in the area outside of the separation region. From point of view of the experimental mea-
surement, the region of the FPZ and newly developed crack may be identiﬁed using X-rays. Then, energies outside of the
separation region are evaluated from full ﬁeld experimental measurement in our work. Dividing separation energy Usep
by the actual ligament cross section lt, we obtain the speciﬁc separation energy usep:usep ¼ Usep=l  t: ð7Þ
Similarly, the speciﬁc work of external forces wex, speciﬁc elastic energy uel and speciﬁc plastic strain energy upl can be
written as follows:wex ¼Wex=l  t;
upl ¼ Upl=l  t;
uel ¼ Uel=l  t:
ð12ÞIt should be emphasized, that the energy Usep dissipated by the FPZ has also meaning of the essential work of fracture [10],
although related theory [11] has different formulation than for separation energy [5]. Similarly speciﬁc separation energy
usep is equivalent to the speciﬁc work of fracture [10]. Stress and plastic strain ﬁelds necessary for elastic and plastic energies
are calculated assuming plane stress, incremental Prager–Ziegler plasticity theory and isotropic hardening rule, see [12] for
more details about implementation of this theory for experimental data. External forces and displacement are derived from
DIC data and computed stress ﬁelds. Similarly as for J integral calculation, all necessary quantities are calculated using
numerical integration.
3. Experimental
3.1. Material and specimen
The high ductile Al-alloy (AlMg5: EN10204.H321) was used for preparation of a ﬂat specimen (170  50  2 mm) with
central 10 mm long slit ended by sharp V-notches (middle tension specimen). The modulus of elasticity E and Poisson’s ratio
m of the material is 70.4 GPa and 0.3, respectively. The yield point r0.2 of the material is 252 MPa. For the purpose of the
plasticity computation, conventional uniaxial tension test with simple bar specimen was carried out; see Fig. 2 for its
stress–strain diagram.
The V-notches with radius of the tip 35 lm were prepared mechanically using diamond blade, see Fig. 3. It has to be
emphasized that it is difﬁcult to prepare real pre-crack in such ductile material. The conventional fatigue method for pre-
crack preparation failed thanks to the excessively developed plasticity during cycling.
The speckled pattern (black background, white speckles) necessary for DIC measurement was prepared on one side of the
specimens using an airbrush gun. Three strain gauge rosettes (0/45/90) were installed in non-collinear positions on the
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Fig. 2. Uniaxial stress–strain diagram.
Fig. 3. Detail of the sharp V notch, imaged by optical microscopy.
18 D. Vavrik, I. Jandejsek / Engineering Fracture Mechanics 129 (2014) 14–25opposite side of the specimens to ﬁnd correction of possible systematic error caused by the rigid body motion/rotation of the
specimen (outside of the DIC optics focal plane). Strain gauges positions were selected sufﬁciently away from the stress
concentrator to have relatively small strain gradient.
3.2. Fracture test
The specimen was subjected to uniaxial tension loading (mode I) using a tabletop loading device [7] with constant grip
displacement velocity of 1.4 lm/s until the newly developed crack prolonged several millimeters. The remote force F was
measured by a load cell with read-out frequency 1 Hz. A 15 MPixel optical camera observed the specimen surface with ran-
dom speckle pattern (only one-half of the specimen width, due to the symmetry) via silicate mirror. The specimen was illu-
minated by circular diffusion light due to avoid reﬂection artifacts.
The uncompressed images were acquired with frame rate 0.2 fps. The mirror allowed keeping the camera outside of the
X-ray beam, which is used for radiographic observation of the crack and FPZ evolution. A micro-focus X-ray tube with 5 lm
spot size was operated at 80 kV and 125 lA. Digital X-ray detector was utilized for radiographic imaging (ﬂat panel:
1120  1184 pixels, 100 lm pixel pitch). The scheme of the complete experimental setup is depicted in Fig. 4. The loading
diagram is plotted in the Fig. 5 together with details of the V-notch at the beginning of the experiment and at the last
optically analyzed loading state. Further optical images did not satisfy DIC requirements; correlation was lost due to
intensively deformed specimen surface.
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Fig. 4. Scheme of the experimental setup. Microfocus X-ray tube (1), X-ray detector (2). Sample installed in the tabletop loading device, which is mounted
on the rotation stage (3). Rotation stage is necessary for CT measurement. The optical camera (4) observes specimen surface via silicate mirror (5).
Fig. 5. Loading diagram of the fracture test with magniﬁed optical images of the V-notch tip at the beginning and at the last loading state evaluated by DIC.
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It is well known, that ductile metal sheets exhibit slant fracture with a possible fat region in front of the initial stress con-
centrator, which twists into the slant fracture [9,13]. Nevertheless real crack and FPZ shape is dependent on the material
properties and specimen thickness [14]. Therefore, evolution of the FPZ crack shape was analyzed using X-ray radiography
and computed tomography. Transmission radiography of the specimen was performed with frame rate 0.6 fps during load-
ing. At the end of the experiment, the specimen was kept under stress in the loading device and data for computed tomog-
raphy (CT) were acquired. The X-ray image of the area surrounding the stress concentrator tip at the beginning of the
experiment is depicted in Fig. 6a. The zero x, y coordinates correspond to the sharp notch tip. It was demonstrated, that a
localized 0.6 mm long FPZ developed from the notch tip in the x-direction at maximal loading force, see Fig. 6b. Afterwards,
prolonged FPZ and a newly developed crack divert from the original direction, see the last optically evaluated loading state in
Fig. 6c. FPZ. The crack imaged by X-rays at the end of experiment is shown in Fig. 6c. It has to be emphasized that the possible
3D shape of the FPZ and crack is projected into the 2D plane thanks to the X-ray imaging principle.
The 3D shape of the FPZ and crack developed at the end of the loading experiment was analyzed using X-ray computed
tomography (CT). The quality of the CT reconstruction was affected by the presence of the loading device and by the Copperx [mm]
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Fig. 6. Transmission radiography of the area surrounding the stress concentrator tip. The unloaded specimen (a), FPZ at maximal loading force (b), FPZ and
crack at last loading state evaluated optically (c), FPZ and crack at the end of the loading experiment (d).
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observed optically) is imaged in Fig. 7a. The cross section y–z, (parallel to the loading direction) which is 0.1 mm ahead
of original notch tip showing the faces of the newly developed crack is shown in Fig. 7b. A ﬂat to slant transition started
approximately in x coordinate 0.7 mm as demonstrated in Fig. 7c. It can be concluded from this reason that fracture mode
I is presented until maximal loading force (0.6 mm long FPZ). The shear controlled slanting crack (mixed mode I + III) is
accompanied by the localized necking, Fig. 7d. This necking resulting from 3D stress state is localized in the area between
+/ 1 mm in y direction in our case (compare with Fig. 6d). The ﬂat crack is not visible optically until crack is signiﬁcantly
developed thanks to its initial tunneling. For the purpose of the separation energy calculation, transmission images are used
for identiﬁcation of the FPZ and newly developed crack. All 3D fracture processes are projected into radiogram plane in other
words by this way. It is consistent with optical data which are acquired from specimen surface.
3.4. Stress and plastic strain evaluation
For computation of J integral, the stress tensor components were evaluated in the means of the deformation theory of
plasticity, for which the J integral was derived. In the deformation theory, the total stresses are related directly to the total
strains by the secant modulus and Poisson ratio, which are both functions of stress level [8]. The secant modulus is obtained
from uniaxial stress–strain diagram of the material, see Fig. 2. On other hand, for evaluation of the separation energy, the
incremental Prager–Ziegler plasticity theory was implemented [12].
The displacement was measured in 231  150 points of the DIC mesh, with pitch p = 0.16 mm. The measured displace-
ment ﬁeld v (loading directory) at maximal remote force F = 22.6 kN is depicted in Fig. 8a. The calculated full-ﬁeld tensile
strain eyy within the whole ligament at the same loading force is shown in Fig. 8b. The evaluated tensile stress tensor com-
ponents ryy is shown in Fig. 8c (deformation theory). The contour plots of a plastic strain intensity epl shown in Fig. 8d, where
ligament is fully plasticized.
4. Results
4.1. Measurement of the CTOD: experimental results
The CTOD parameter can be naturally measured directly from the optical images. For this purpose the displacements of
only two points were measured by the DIC method. These points were located above and below of the notch tip, as is shown
in Fig. 9 (left). Evolution of the CTOD is depicted (middle). The critical value of CTODc at maximal remote force was deter-
mined as 0.17 mm. The shape of the blunted V-notch is imaged in Fig. 8 (right).
4.2. Measurement of the J integral: experimental results
It was documented [15], that the crack initiation should take a place at the same time, when the loading force started
decreasing. Thus, the loading diagram provides the determination of the critical Jc integral. The four regular rectangular con-
tours at different distances from the notch were taken as integration paths, see Fig. 10 left. The results show that J integral is
independent of the integration path, see Fig. 10 right. It should be emphasized, that the whole ligament of the specimen is
fully plasticized before the crack initiation and therefore the integration path crosses fully plasticized area in all cases and
cannot be chosen in the elastic area. The critical value of the J integral at maximal loading force was determined as
Jc = 50 kJ m2.
It was proven that there is not any indication of the critical value Jc directly from the evaluated J integral evolution. For
illustration, the J integral was calculated also from CTOD as:Fig. 7.
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22 D. Vavrik, I. Jandejsek / Engineering Fracture Mechanics 129 (2014) 14–25where r0.2 is the yield stress. Resultant dependence of the JCTOD on the loading displacement is plotted in Fig. 10 right. It is
visible that obtained dependence has such different shape than these calculated directly, that it cannot be reliable corrected
using some conventionally used multiplication coefﬁcient only.
4.3. Evaluation of the separation energy
4.3.1. Evaluation of the energy balance
The incremental theory of plasticity was applied for calculation of all quantities necessary for evaluation of the energy
balance. Comparing radiographic data and plastic strain intensity it was found that a certain critical value of the plastic strain
intensity exists for given stress concentrator geometry, which can be taken as crack/FPZ indicator. Note, if a crack or FPZ are
tunneling inside of the specimen, signiﬁcantly higher strains are measured on the specimen surface. As example, the plastic
strain intensity epl distribution at the end of the loading is imaged in Fig. 11 left, where the FPZ/crack region is masked (crack/
FPZ length is equal to the value obtained from radiographic measurement). The stress intensity ri in the moment of the max-
imal loading force is depicted in Fig. 11 middle, where the ligament is fully plasticized. The same quantity for the last opti-
cally evaluated loading state is in Fig. 11 right, where it is clearly visible that extension of the crack/FPZ zone was
accompanied with stress relaxation above and below of the separation region.
The elastic and plastic strain energy densities uel, upl are evaluated for each point of DIC mesh. The elastic and plastic ener-
gies are consequently calculated for volume elements where each DIC mesh vertice deﬁnes one element center. The planar
dimensions of the element are equal to the DIC mesh pitch p and third dimension is equal to the specimen thickness t, then
volume of the element VDIC is deﬁned as:Fig. 11.
the lastVDIC ¼ p2  t: ð10Þ
Total elastic and plastic strain energies Ucel;U
c
pl, are evaluated for all loading states summing energies of all DIC elements in
the area A arbitrary selected within half of the specimen including whole ligament (specimen asymmetry), except of the area
of separation As:Uel ¼
X
A
uelVDIC 
X
As
uelVDIC : ð11Þ
Upl ¼
X
A
uplVDIC 
X
As
uplVDIC : ð12ÞThe external local loading forces fyn on the border of the area arbitrarily selected are evaluated using the already calculated
tensile stresses ryy for each DIC element on this border. An example of the local external forces calculated on the border of
the area A at the last loading state is depicted in Fig. 12. The related local loading displacement increments Dvin on this bor-
der are measured by the DIC in 150 points. The index n labeling DIC element on the border, while index i denotes actual
loading state (optical image number). The local displacement and force increments are used for calculation of the local work
of external force wnlex. The total work of external forces Wex is calculated as a sum of all local works of external force w
n
lex:Wex ¼
X
n
wnlex ¼
X
n
X
i
DfnDv in ¼
X
n
X
i
rniyyptDv in: ð13ÞEvolution of the energies Uel, Upl, the sum Uel + Upl, andWel in dependence on CTOD during loading is plotted in Fig. 13. It is
visible, that elastic energy Ucel tends to be almost constant after reaching relatively a small crack tip opening value. The
contrary the plastic energy is growing during the process of the opening of the crack tip.Intensity of the plastic strain epl at the maximal loading force (left), Stress intensity ri at the maximal loading force (middle), stress intensity ri for
optically evaluated loading state (right), where the region of the stress relaxation is clearly visible.
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Fig. 12. Distribution of the local forces on the border of the analyzed region A at the last optically evaluated loading state.
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The evolution of the speciﬁc separation energy usep in dependence on the grip displacement is plotted in Fig. 14. Note that
this energy is equivalent to the speciﬁc work of fracture as mentioned above. The sharp maximum of the speciﬁc separation
energy usep at the grip displacement 0.88 mm indicates the intensive evolution of the separation area and consequent
decreasing of the cohesive forces, which started before maximal loading force contrary to prediction [15]. It was proven, that
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Fig. 14. Evolution of the speciﬁc separation energy usep. Sharp peak at the grip displacement 0.88 mm.
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Table 1
Summarization of the calculated work and energy values.
CTOD (mm) J (kJ m2) wex (kJ m2) uel (kJ m2) upl (kJ m2) usep (kJ m2) upl/uex (%)
Max usep 0.084 36 35.2 9.2 15.3 11.8 43.4
Max F 0.171 50 44 9.9 24.7 8.3 56.1
24 D. Vavrik, I. Jandejsek / Engineering Fracture Mechanics 129 (2014) 14–25the maximum of this peak 12 kJ m2 stays almost constant regardless of the area A selected. Evolutions of the speciﬁc work of
external forces wex and of the J integral are depicted in Fig. 15. As correlation of both curves is remarkable, we can assume
that relations between energies dissipated/stored in the analyzed specimen are relevant also for the J integral.
The values of speciﬁc energies at the extreme of the speciﬁc separation energy evolution and at the extreme of the loading
force F are summarized in Table 1, together with the CTOD and J integral values.
We can conclude that the intensity of the plasticity strongly inﬂuences the actual value of the J integral as predicted by
the theory of the separation energy [5]. At maximal value of the usep, 43 % of the speciﬁc work of external forces uex is dis-
sipated by the speciﬁc plastic work wpl. Similarly, 56% of the uex is dissipated by wpl at maximal loading force.
5. Conclusions
The direct calculation of the J integral, CTOD and separation energy based on experimental full ﬁeld displacement mea-
surement was successfully implemented and tested for specimen with completely yielded ligament. X-ray radiography
D. Vavrik, I. Jandejsek / Engineering Fracture Mechanics 129 (2014) 14–25 25served for identiﬁcation of the FPZ and newly developed crack. It was proven by X-ray computed tomography that fracture
mode I was presented until maximal loading force while ﬂat to slant transition of the crack started in following loading states
(mixed modes I & III).
It was proven that the obtained dependence of the J integral on the loading displacement does not have any indication of
the critical value Jc. The results show that the J integral is independent of the integration path although the integration paths
tested crossed completely yielded ligament. It was documented, that simple calculation of the JCTOD integral from the CTOD
gives similar results. However, obtained dependence JCTOD on loading displacement has such different shape than these cal-
culated directly, that it cannot be reliable corrected using some conventionally used multiplication coefﬁcient only.
Contrary with J integral evolution, the experimentally obtained dependence of the speciﬁc separation energy on the load-
ing displacement has a sharp maximum, which corresponds to the intensive evolution of the separation area. Maximal value
of the speciﬁc separation work (speciﬁc work of fracture) is signiﬁcantly lower than J integral at the same loading state. Val-
ues of the speciﬁc work of external forces are in good correlation with measured J integral. We can conclude from this reason
that evaluated speciﬁc plastic work is approximately equal to the fraction of the plastic work comprised in the calculated J
integral as predicted by the theory of separation energy or essential work of fracture.
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